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Understanding the cycling of trace elements such as
selenium in the environment requires information on mass
transfer and reactions occurring across boundaries.
Selenium partitioning and redox transformations in ponded
laboratory sediments was compared with a model based
on the transport of Se(VI) and Se(lV) between surface waters
and sediment pore waters. Waters containing Se(VI) were
ponded over initially nonseleniferous sediment columns.
X-ray absorption spectroscopy demonstrated Se reduction
to Se{0) inthese sediments. Synchrotron X-ray microprobe
analyses revealed very high Se concentrations within mil-
limeters of the sediment surface. Concentrations of Se-
{VI) and Se(lV) in sediment pore waters were used as time-
dependent boundary conditions to model concentrations
of these species in overlying pool waters. Two parameters,
the mass transfer coefficient and pool Se{Vl) apparent
reduction rate constant, were optimized. The successful
application of mass transfer coefficients in this study
resulted from Se reduction rates within very shallow boundary
zones being proportional to Se concentration gradients
acting across these zones, rather than solely representing
diffusion across these zones. The large gradients in Se
concentrations observed in these sediment columns indicate
that experimental methods with spatial resolution finer
than 1 mm are needed before mechanistic diffusion—redox
analyses can be successfully applied to these types of
systems.

Introduction

Selenium is both an essential nutrient and a potentially toxic
trace element (I—3). Its solubility and mobility in the
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environment are strongly dependent on its valence and
specific chemical state. Common inorganic species include
soluble selenate [Se(VI)], selenite [Se(IV)], insoluble elemental
selenium [Se(0)], and various metal and organic selenides (4,
5). Selenite, which is stable under moderately reducing
conditions, is soluble but can strongly adsorb onto surfaces
of common soil minerals and organic matter (6—11). Or-
ganoselenium species include seleno-amino acids and volatile
methylated Se compounds (12—15). The role of microorgan-
isms in catalyzing Se redox transformations of environmental
importance is now well-recognized (2, 3, 14, 16—20). Knowl-
edge of Se speciation and partitioning within various envi-
ronmental compartments is important in the evaluation of
potential risks arising from deficiency or toxicity (21, 22).
Wide variations in Se solubility and sorption characteristics
among its different forms require that its speciation be
understood in order to predict transport between compart-
ments.

Transport across boundaries between surface waters and
underlying sediments is important in the cycling of many
trace elements (23). Portions of the Se cycle in wetlands,
lakes, rivers, ocean bottoms, and agricultural drainage water
evaporation ponds occur across interfaces between surface
waters and sediments (24, 25). Selenium transport and
transformations in such environments has received consid-
erable attention over the past 10 years since the implication
of Se toxicity in wildlife deaths and deformities at Kesterson
Reservoir, California (21, 25-32).

Investigations of redox-dependent trace element transport
require speciation with respect to valence states. Trace
element speciation methods for sediments typically rely on
selective extraction techniques (33—35). Such techniques can
introduce uncertainties arising from possible alteration of
speciation during extraction procedures (36—39). X-ray
absorption spectroscopy (XAS) has become established as an
analytical method that permits direct speciation of a wide
range of elements (40—43). The method has been applied to
in situ determinations of Se(IV) and Se(VI) adsorption at
mineral surfaces (44, 45). The valence sensitivity of X-ray
absorption near-edge structure (XANES) spectroscopy has
been exploited in oxidation state studies of various elements
(e.g., refs 46—48). Recently, XAS has been used to determine
Se oxidation states in contaminated sediments from Kesterson
Reservoir and to track Se reduction in laboratory sediments
during flooding (49—51). In the present paper, we focus on
Se mass transfers across the surface water—sediment bound-
ary in these laboratory systems.

Concentrations of various chemical species at interfaces
between surface waters and sediments often change abruptly
over very short distances (23, 52). Information on chemical
concentrations at appropriately high spatial resolution is
essential when testing models of chemical transport and
transformation in such environments. The synchrotronX-ray
fluorescence microprobe (SXRFM) permits two-dimensional
mapping of a wide variety of trace elements, with spatial
resolution approaching 1 um (53, 54). This tool has recently
been used to study small-scale heterogeneity of Se concen-
trations in contaminated sediments from Kesterson Reservoir
(55). In the present work, the SXRFM was used at the end
of the experiment to obtain a high-resolution Se map within
the surface region of a sediment column expected to exhibit
large concentration gradients. This spatially resolved infor-
mation supplemented fluorescence XAS used to determine
Se speciation in surface sediments at various times during
the course of the experiment.

This study is concerned with Se transpori and transfor-
mations in shallow, hydrostatically ponded laboratory sedi-

VOL. 31, NO. 5, 1997 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1419



pond
s, w ate r
samplers

ponded
water

sediment

T~ pore water
- samplers

le— 010 m ————»%

FIGURE 1. (a, left) Conceptual model for Se cycling within the pond—sediment system. (b, right) Experimental column design.

ments. Hydrostatic columns provide simple experimental
conditions for evaluating the relative importance of diffusive
exchanges of Se species between ponded waters and sedi-
ments and Se reduction within ponded waters. They can
also represent major features of natural vernal pools as well
as ephemeral pools formed over selenium-contaminated
sediments of Kesterson Reservoir (32). In this study, a simple
two-compartment mass transfer model for the exchange of
soluble selenate [Se(VI), as SeO4?7] and selenite [Se(IV), as
Se04%7] between well-mixed surface waters and shallow
sediment pore waters was developed. Measured concentra-
tions of Se(VI) and Se(IV) in sediment pore waters were used
to provide time-dependent boundary conditions with which
these species exchanged with overlying pool waters. These
exchanges were modeled with mass transfer coefficients. First-
order reduction of Se(VI) to Se(IV) within ponded waters was
included in the model. Mass transfer coefficients and pool
Se(VI) reduction rate constants served as adjustable param-
eters, optimized to provide best model fits to data. The mass
transfer coefficients were compared with reasonable values
of diffusion coefficients and diffusion lengths for the purpose
of testing a diffusion-based interpretation of Se transport
between ponded waters and sediments. This study relies on
a two-compartment model (pool and sediment) rather than
amore comprehensive, multi-compartment reactive transport
analysis because of the limited number of experimental
sampling locations and a focus on understanding Se removal
from ponded waters. We later show that a strictly diffusion-
based analysis of exchanges between the pool and surface
sediment compartments (both defined by sampling zones)
does not account for the important process of Se reduction
within the thin boundary zone.

Transport Model

The conceptual model used to account for temporal variations
in surface water Se concentrations is shown in Figure la.
Based upon previous XAS results (50, 51), only Se(VI), Se(IV),
and Se(0) were included in the systems under consideration.
Adsorption of Se(IV) and Se(VI) were not included in model
calculations for two reasons. First, in the high concentration
ranges used in our experiment, the relative concentrations
of potentially adsorbed species is small. Pore water Se

concentrations ranged up to 240 g m™3, and total Se

concentrations in near-surface sediments were in the range
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of 100—1000 mg kg~!. Based on previous experiments on
this sediment, which indicated Se(IV) adsorption maxima of
about 3 mg kg™?, the adsorbed fraction amounts at most to
only 0.3—3% of the sediment inventory. Second, in the
application of this mass transfer model, the pool—sediment
Se transport remains directly proportional to the measured,
macroscopic concentration gradients in the solution phase,
regardless of sorption or precipitation reactions. Based on
measurement of uniform Se concentrations within water
columns (described later), the surface waters were ap-
proximated as well-mixed compartments. This approxima-
tion is likely to be reasonable in shallow vernal pool
environments. This study focuses on removal of Se(IV) and
Se(VI) from ponded waters and is therefore primarily con-
cerned with their aqueous phase compartments shown in
the upper regions of Figure 1.

Information on Se concentrations in sediment pore waters
obtained from the shallowest sampler (at the 25 mm depth)
in each column was used to predict Se(VI) and Se(IV)
exchanges between sediments and ponded waters. These
exchanges will first be modeled with mass transfer coefficients
(56) rather than with diffusion coefficients because the former
approach is more general. We later evaluate the adequacy
of diffusive transport across a thin boundary layer in
accounting for pool—sediment Se exchanges. In the present
approach, the mass transfer coefficient for valence state i
(equal to VI or 1V) is denoted by ksey (L. T™1). For a well-
mixed pool of constant volume V;, mass transfer across a
pool—sediment interface is described by

alSe(d],
Vp——‘.;;-* = —Akg;{[Se(@];, — [Se(d)] } 1)
where A is the macroscopic surface area of the pond—
sediment interface and the subscripts p and s denote pond
and sediment, respectively. Concentrations in both pond
waters and sediment pore waters were referenced to a unit
volume of the aqueous phase. The above equation accounts
only for transport between the two compartments and ignores
changes in concentrations of Se(VI) and Se(IV) due to
reactions. When reactions within ponded waters are domi-
nated by Se(Vl) reduction and when they are ireaied as being
apparent first-order with respect to Se(VI) concentration, then



d[Se ()]

T =- k,ﬁj"{[Se(mp ~ [Se(d],} £ K [Se(VD], (2)
where L, denotes the height of the ponded water column (L,
= VpA™), and k. is the apparent first-order Se(VI) reduction
rate constant. The +k;and —k; terms are for Se(IV) production
and Se(VI) reduction, respectively. Given initial concentra-
tions of Se(VI) and Se(IV) in the pool waters [Se(i)]p,0 and
time-dependent concentrations of these species in sediment
waters, eq 2 was numerically integrated to model time-
dependent Se(VI) and Se(IV) concentrations:

(Se(@],, = [Se(d],o +

¢ —Kse
A T, {1Se(l, = [Se@],} £ K[Se(VDl, f dr (3

For this purpose, the sparse set of data on sediment pore
water concentrations (collected at 1—11 day intervals) was
enhanced via linear interpolation to provide more continuous
sediment concentration versus time values (0.5 day intervals).
Values of ks.y and k; were taken as constant for a given
simulation and adjusted to provide the best overall fits to
data. Although separate kse(y could be applied for Se(IV) and
Se(VI) transfers within a given system, only one value was
used in order to minimize the number of adjustable param-
eters. If the Se mass transfers could be accounted for solely
by diffusion through a boundary layer, without changes in Se
concentrations within this layer, the above equations would
have the same form. However, ksey would be replaced by
De/Lg, where D. and Lg are the pond—sediment boundary
region effective diffusivity and diffusion length, respectively.
There are some important limitations associated with this
procedure. The approach taken amounts to curve-fitting with
a minimum number of parameters [2 per system, or 3 if
separate kse;) values were used for Se(IV) and Se(VI) mass
transfers]. While these parameters are assigned constant
values within a given simulation, the factors that they attempt
torepresent are likely to be time-dependent. The kse(; depend
fundamentally upon the effective thickness of the Ly and on
time-dependent reactions (both microbially mediated redox
and exchange at mineral surfaces) that take place within and
beyond this boundary region. The k; is also expected to be
time dependent, especially because of its dependence on
microbial population dynamics. On the other hand, the use
of constant parameters allows for direct comparisons of the
average behavior of different systems. In addition, direct
comparisons between ks and D./Ls can be made later.
In the diffusion-based approach to describing mass
transfer between ponded waters and sediments, Se transport
is assumed to occur through a diffusion-limited region,
described by series resistance (water and water-saturated
sediment) diffusivities. Diffusive exchanges were modeled
without inclusion of Se reactions (reduction or adsorption)
within the boundary layer because of insufficient supporting
data. The diffusivity of SeO,?~ in water, in the dilute solution
limit, was determined through solution conductance mea-
surements (56, 57). This conductance-based diffusivity, D,
=1.03 x 107® m?s™}, is close to that reported previously (57)
for SO~ in the dilute limit (1.07 x 10~® m? s7!). The
diffusivities of both SeO32~ and SeO,?" in higher ionic strength
solutions used in this study were assigned values of 1.0 x
10~ m? s~!. Combining this diffusivity with information on
sediment porosity f(0.52 in this case) in the empirically based
expression for the diffusion coefficient in a sediment:

D, =ofD, )

gives D; = 29 mm? d~!, when a typical a value of 0.65 is used.
Simiiar D vaiues were reported for SO,*~ in sediments in the
review by Iversen and Jorgensen (58). The series resistance

effective diffusivity through the water—sediment boundary
layer, D., is

L\-1
D= (L,+L) (I,L—‘* + l—;—) (5)

where L, and L, represent diffusion lengths in the water and
sediment segments, respectively. L, is the vertical distance
from the sediment—pond interface up to the lowest region
of the ponded water that sustains well-mixed solute con-
centrations. L, is taken as the distance from the sediment—
pond interface downwards to the region in the sediment at
which aqueous Se concentrations are equal to those obtained
in the shallowest sediment water sampler. The sum of these
two lengths is defined as the boundary layer thickness, Lp. In
the analyses to follow, modeling of time trends for solution
Se concentrations in a given system will only permit direct
evaluation of the pond—sediment mass transfer coefficient
(kse), which is equal to the quotient D,/ Ly only when changes
in Se concentrations within Ly are minor. From eqgs 4 and
5, we have

D

[+)

AT
This result will be used later when magnitudes of L are

compared for two systems with very different rates of Se
removal from ponded waters.

Materials and Methods

Laboratory sediment columns were designed to study Se
reduction within sediments following ponding with selenif-
erous waters. A previously completed part of this study
involved applications of XAS to determine changes in
oxidation states of Se (49—51). Sediments for these columns
were collected from Kesterson National Wildlife Refuge in an
area with no previous history of exposure to seleniferous
waters. The general chemical composition of these sediments
has been described previously (35, 59). The total Se con-
centrations in the sampled sediment was <0.5 mg kg1
Homogenized sediments were packed (while still at a field-
moist water content of 0.178 kg kg™ to a depth of 100 mm
in 4 PVC columns (76.5 mm i.d.) and to an equivalent dry
bulk density of 1.28 Mg m~3 (Figure 1b). The total porosity
and initial water-filled porosity were 0.52 and 0.23, respec-
tively. The column bottoms were sealed, and the walls were
sufficiently tall to permit ponding above the sediments. Two
of the columns (denoted C1 and C3) were uniformly packed
with soil. The other two columns (denoted C2 and C4) were
amended with cuttings of Bromus mollis leaves and stems
added to the uppermost 30 mm of soil in order to observe
possible influences of decomposing vegetation on Se reduc-
tion. The mass of organic matter added in this manner
amounted to an air-dry equivalent of 0.2 kg m~2 (1.03 g per
column), which corresponds to a typical quantity of annual
grass biomass produced at the field site. Soil water samplers
were embedded at 25 and 75 mm below the sediment surface
in one unamended (C3) and one organic matter amended
(C4) sediment column.

Waters with an initial Se concentration of 240 g m~3 (3.0
mM) were ponded over these previously uncontaminated
sediments. These initialaqueous Se concentrations are about
10° times higher than typical values observed in the agri-
cultural drainage waters ponded at Kesterson Reservoir.
Laboratory experiments were conducted with elevated Se
concentrations in order to assure collection of high quality
X-ray absorption spectra on sediments. Pond water and
sediment pore water samples were periodically collected to
obtain information on Se concentrations and concentration

De
Iy

VOL. 31, NO. 5, 1997 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1421



gradients across the water—sediment boundary. The first
complete set of samples, collected within 3 h after ponding,
established the initial conditions for the later mass transfer
calculations. Water and sediment sampling and chemical
analyses are discussed in greater detail in the earlier studies
(49—51). Selenium was added to the laboratory solution as
98% Se(VI) (from Na,SeO,) and 2% Se(IV) (from Na,SeOs).
This ratio of Se(VI) to Se(IV) was similar to typical agricultural
drain waters that were discharged into Kesterson Reservoir.
Analysis of Se in ponded waters and sediment waters was
routinely performed by hydride-generation atomic absorption
spectrometry (60). Occasional totalsolution Se analyses were
also performed by inductively coupled plasma spectrometry.
Comparisons between these two spectrometric methods,
along with XAS results, showed that Se(VI) and Se(IV) were
the only aqueous Se spec1es occurring at significant con-
centrations in these expériments. The majorion composition
of the laboratory solution was designed to resembled that of
the agricultural drain waters, dominated by Na*, $O,2~, and
Cl". Ponding with seleniferous water was established by
dispensing 550 mL of solution over the sediment surface over
about a 1-min interval. This volume corresponded to an
equivalent water column 120 mm deep. Upon dispensing
the solutions, each column contained an initial ponding depth
0f 90 & 3 mm, indicating that the sediment profiles were near
saturation (101 + 10%).

Ponded waters in columns were disturbed as little as
possiblein an attempt to discern the development of gradients
in Se concentrations and speciation within the static water
columns. Samples of ponded waters were collected at two
depths: one at about 7 mm below the water—air interface
and a second sample at about 7 mm above the sediment—
water interface, via 1 mm i.d. polyethylene tubing attached
toasyringe. Solution sample masses were kept small, ranging
from 50 to 200 mg, in order to minimize disturbances to
columns. Pond water sampling intervals ranged from daily
(initially) up to 14 days toward the end of the ponded phase.
Sediment pore water samples were also collected during the
48—51-day ponding period.

Methylated Se will not be considered in this study since
the alkaline H,O; traps for collection of gaseous Se (60)
included in this experiment showed that less than 0.5% of the
total Se inventory was volatilized (51). The experiment was
terminated after about 50 days of ponding. Depth profiles
of total Se were measured by energy-dispersive X-ray
fluorescence (61). Surface soil Se was analyzed by XAS at
Stanford Synchrotron Radiation Laboratory several times at
the beginning of ponding and at the end of the experiment.
A sample of surface sediment from the C4 column was also
analyzed for Se with the SXRFM at the National Synchrotron
Light Source in order to obtain depth profiles of total Se with
high spatial resolution (0.25 mm vertical step sizes).

Results and Discussion

Experimental. Similar time trends in surface water Se
composition were observed within the duplicate columns.
Considerably different trends in surface water Se concentra-
tions were observed between columns with and without
surface sediment organic matter additions. Since only one
column from each of the two treatments was instrumented
with pore water samplers, only these instrumented systems
(C3 and C4) will be considered in detail. Depth profiles
combining data on Se(V]) in ponded waters and in sediment
pore waters for several different times are shown in Figures
2a (unamended C3) and 3a (organic matter amended C4).
Depth profiles for aqueous phase Se(IV) for these same times
are presented in Figures 2b and 3b. As aresult of infiltration
ponding waters into initially unsaturated sediments, the pore

water Se concentrations collected from shallow depths at
near time zero (1.4 days) are similar to those of the nonded
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waters. Inboth systems, surface water Se(VI) concentrations
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FIGURE 2. Depth profiles of total dissolved Se(VI) (a) and Se(IV) (b)

in unamended columns, combining ponded waters and sediment

pore waters.

declined over time, while Se(IV) concentrations increased
for at least some portion of the ponded period. Netdecreases
in total dissolved Se occurred in surface waters of both
systems, with more rapid declines in systems with organic
matter added to surface sediments. No significant gradients
in concentrations of the Se species were detectable within
the ponded water columns. These observations support
describing the ponded waters as well-mixed volumes. Fur-
thermore, while the sampling tube was placed vertically
downwards to about 7 mm above the pool—sediment interface
during collections, the sampled volumes may have extended
1-2 mm closer toward the sediment. Thus, the diffusion
boundary layer above the sediment, over which significant
gradients in Se concentrations could occur, is probably less
than 7 mm in thickness.

More rapid rates of Se reduction occur within the
sediments than in the ponded waters. The XAS study showed
Se(VD) reduced sequentially from Se(IV) to Se(0) during
ponding, with Se(0) occurring as early as 3.8 days after flooding
in the amended sediments (49—51). By the end of the
experiment, 25% of the original Se in the surface waters was
transported into unamended sediments. For systems
amended with organic matter, 95% of the Se originally in
ponded waters was transported into the sediments. Ac-
cumulations of Se within sediments were largely confined to
the near-surface regions (<25 mm depth) in each type of
column (51). The onset of reducing conditions is expected
to occur earlier in surface sediments than in deeper sediments
of both types of systems because of some soil air displacement
and entrapment in the column bottoms. This process would
provide a residual supply of O, in the deeper portions of the
columns. In addition, columns with surface sediments
amended with readily reducible organic carbon would be
expected to become anaerobic more rapidly. Reducing
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Se(IV) and to Se(0), allowing a net accumulation of insoluble
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in columns amended with organic matter, combining ponded waters

and sediment pore waters.

Se species (49—51). From Figure 4a, it appears that the organic
matter amended sediments become extremely reducing at
the interface with ponded waters. The procedure used to
sample the columns permitted only relatively coarse spatial
resolution (5—10 mm along the vertical column) in the
conventional XRF analyses for Se. Inview of the highly skewed
distribution of Se in the coarser scale XRF analyses of the
organic matter amended sediment, a higher resolution map
of a surface subsample was obtained with SXRFM. The
SXRFM map was performed over a 2 mm wide, 5 mm long,
vertical slice of the surface sediment. The vertical and
horizontal steps were taken in 0.25- and 0.50-mm increments,
respectively. Horizontally averaged (over the 2 mm width)
total Se profiles are included in Figure 4a. These data show
that the highest accumulations of Se occur within the top 1
mm of this column, indicative of rapid reduction of Se to
Se(0). The two-dimensional SXRFM map of Se concentrations
in this surface sediment is shown in Figure 4b. Heteroge-
neities in total Se concentrations along the horizontal direction
are also evident in this representation, although these are
not as varied as the vertical heterogeneities.

Mass Transfer Model. The two adjustable parameters,
the mass transfer coefficient ks.; and the rate constant k;,
were varied in order to determine optimum values (least sums
of squared differences between data and models) for matching
measured pool Se(VI) and Se(IV) concentrations. Best-fit
results for modeling Se(VI) and Se(IV) concentrations in pools
over the two sediment types are shown in Figure 5a,b along
with several other trial curves. In the case of the unamended
sediment, the kse(; that yielded the best fits without using a
reduction rate constant were in the range of 0.80—0.93 mm
d-l. While these fits matched the time dependence of [Se-
(VD1, quite well, the buildup in [Se(IV)], with time was
significantly underestimated (Figure 5a). Both time trends
in {Se(VD)p and [Se(IV)], were well matched (72 = 0.957 and

0.960 for Se(IV) and Se(VI), respectively] by setting ksey =

a
B
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FIGURE 4. Total Se concentration profiles in sediment samples
analyzed at the end of the ponding experiment (sediments amended
with organic matter within the upper 30-mm region). (a) Lower profile
from conventional XRF and SXRFM (lower panel), upper profile
average from SXRFM (upper panel), and (b) two-dimensional SXRFM
map of Se within a surface sediment sample from the amended
column.

0.80 mm d~! and by assigning a value of 4 x 1073 d"! to k..
For the system amended with organic matter (Figure 5b), the
optimum matches were obtained with k; = 3 x 1072d"!. Best
matches [r? = 0.894 and 0.986 for Se(IV) and Se(VI),
respectively] for both [Se(VD)], and [Se(IV)], time trends in
the amended system were obtained with kse) = 4.0 mm d—1.
Thus, mass transfer of both Se species from ponded waters
into sediments occurs five times more rapidlyin the columns
with organic matter amendments added to the sediment
surface. Note also that Se(VI) reduction within ponded waters
occurs about eight times faster in the amended system. The
fact that a significantly large k; was needed to match data in
C4 than in C3 shows that other important factors in pool
waters differed between these two systems. The plausible
factors are higher concentrations of easily reducible organic
carbon and of selenium-reducing bacteria in the waters
ponded over the amended C4 columns. Diffusive release of
organic matter from sediments into water columns, dynamics
of microbial growth, and biochemistry of Se reduction are
beyond the scope of this study.

The optimized kse(y values can be combined with data on
gradients of [Se(VD)] and [Se(IV)] at the pond—sediment
boundaries to calculate fluxes of these species. Transport
rates and cumulative mass transfers are obtained through eq
1 and its numerical integration, respectively. Results of these
calculations for the unamended system show transport
dominated by Se(VI) atall times. By the end ofthe experiment,
only 11% of the Se transport into the sediment occurred in
the Se(IV) form. Mass transfer calculations on the amended
system show very different behavior. The initial mass transfer
rate for Se(VI) into sediments becomes very large within the
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first 5 days and then gradually diminishes over the remainder
ofthe experiment. A significant transfer of Se(IV) from shallow
sediment pore waters back into surface waters is also predicted
between days 2 and 6, followed by a long period of Se(IV)
transport from surface waters backinto sediments. Transport
from sediments back into ponded waters are predicted
whenever concentrations of a particular species are higher
in shallow pore waters than in the pond. The fact that such
behavior is predicted only for Se(IV) results from more rapid
Se(VD) reduction in sediments than in ponded waters.
Calculations also indicate that about 43% of the Se mass
transfer into the amended sediment occurred through Se(IV)
transport.

The feasibility of accounting for the pond—sediment mass
transfer solely by diffusion through a boundary layer was
tested by assigning the optimized values of ks, to D/ Lg for
each system. Thus, the unamended and amended columns
have D./Lg values of 0.80 and 4.0 mm d-}, respectively. In
order to test the diffusion boundary model for exchanges
between ponded waters and shallow sediments, it will be
useful to determine the surface sediment diffusion length L;.
Although the shallowest sediment water samplers were
centered at 25 mm below the interface, it is conceivable that
the sampled solution chemistryis representative of a different
or wider depth range. Together with known or well-
constrained approximate values of D,, a, and f, we have two
equations (in the form of eq 6) with four unknowns (the L,
and L, for the two cases). It is reasonable to equate the L,
in the unamended system to that in the amended system.
Using previously noted values, this leads to Ly(unamended)
= Ls (amended) + 29 mm. The physical constraint that the
diffusion boundary layer in the ponded waters must occur
below the deepest point of pool sampling requires that 0 <

rvem mlas ot man #le
Ly < 7 mm. This in turn leads to the conclusion that Ls-
(unamended)

35 + 1 mm and Ls(amended) = 6 + 1 mm.
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The diffusion boundary layer model thus leads to calculated
values of L that are inconsistent with the location of the
shallow pore water samplers.

In this simple diffusion boundary layer model, the region
within L, (and for that matter within Lg) serves only to
transport mass from one region into another and does not
allow for local mass accumulation. However, such a con-
ceptualization is clearly inconsistent with data on the vertical
distribution of Se within these columns (Figure 4). The bulk
sediment analyses by conventional XRF showed that most of
the Se was concentrated within the upper 30 mm of the C3
sediment and within the upper 10 mm in the C4 sediment.
Therefore, the successful fits achieved with the mass transfer
coefficients do not result from diffusive transport across the
region over which aqueous phase concentration gradients
were measured. Instead, Se immobilization within this zone
was proportional to these concentration gradients. XAS
showed that insoluble Se(0) accounts for more than 90% of
the Se in this zone. Higher resolution analyses by SXRFM on
a C4 sediment sample showed maximum Se reduction and
accumulation within less than 1 mm of the interface with
ponded waters. These data collectively show that the Se
reduction and accumulation within the short distance (25
mm) between the sediment surfaces and the shallowest pore
water samplers account for most of the Se removed from the
ponded waters and that large concentration gradients occur
in this boundary region.

Comparisons of data and model results from these two
types of columns show that the depths associated with Se
reduction and diffusion-limited transport within sediments
of shallow aquatic systems can strongly influence trends in
surface water quality. These findings can be useful in
understanding trends in ephemeral pool water quality in trace
element-contaminated environments. More generally, the
extremely surficial localization of Se reduction and ac-
cumulation can have important implications on the cycling
of this trace element in aquatic ecosystems. The extremely
large gradients in Se and the reduction of Se within this short
boundary region show that higher spatial resolution in Se
concentrations and speciation are required in order to support
mechanistic transport models of these systems. The com-
bined use of XANES and SXRFM, referred to as micro-XANES,
is now being applied to obtain valence-specific maps of
different oxidation states of particular trace elements (62,
63). Recently, investigations have been initiated to apply
micro-XANES to real-time tracking of redox-dependent
transport and reactions of Se and Cr in sediment systems
62).
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